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ABSTRACT
Focal ratio degradation measurements of optical fibers for the PMAS integral field instrument
have been performed using the Photometric Testbench of the Potsdam Astrophysical Institute
(AIP). An effort has been made to obtain sufficiently large statistical samples of individual fiber
measurements. The optimization of the measurement process has made it possible to study
quantitatively the effects of different coupling methods (air–glass vs. immersion) and of imper-
fections like defocus, lateral displacement, and angular misalignment. Furthermore, the effects
of mechanical stress on focal ratio degradation have been investigated, confirming the presumed
cause of modal noise which is known to limit the maximum signal-to-noise one can achieve with
fiber-coupled echelle spectrographs.
Subject headings: instrumentation: spectrographs, techniques: spectroscopic
1. Introduction
Optical fibers provide a versatile tool to con-
veniently re-arrange light coming from different
places into a common spectrograph slit. In as-
tronomical instrumentation, this property is be-
ing used successfully for multi-object spectroscopy,
for integral field spectroscopy, and other applica-
tions. Similar to several new integral field spectro-
graphs, which have been developed recently for vi-
sual and NIR wavelengths (INTEGRAL (Arribas
et al. 1998), TEIFU (Haynes et al. 1998), GMOS-
IFU (Allington-Smith et al. 1998), VIRMOS (Pri-
1Formerly Astrophysikalisches Institut Potsdam.
eto et al. 2000), IMACS-IFU 2, CIRPASS (Parry
et al. 2000), FLAMES (Pasquini et al. 2000)).
PMAS, the Potsdam Multi-Aperture Spectropho-
tometer (Roth & Laux 1998; Roth 1998; Roth
et al. 2000; Laux 1999) was designed as a fiber-
coupled instrument, connecting a lens-array to the
spectrograph slit by means of a fiber bundle.
A basic requirement of the conceptual design
consisted in a sufficiently stable opto-mechanical
configuration which would allow for spectropho-
tometric measurements (Roth et al. 1997). How-
ever, based on the observation of “fiber noise” in
the FOCES echelle spectrograph (M. Pfeiffer, priv.
communication), there had been worries that the
2currently under development in Durham
1
use of optical fibers might introduce instabilities,
eventually compromising this requirement. There-
fore, an optical testbench setup was devised for
measuring the far-field light distribution in the
output light cone of an optical fiber, illuminated
under controlled conditions of focal ratio, angle of
incidence, centering, wavelength, and other cou-
pling details. By employing a cryogenic 16-bit
CCD camera system, it was attempted to mea-
sure the behaviour of the output beam pattern,
both for a sufficiently large statistical sample of
fibers, as well as for the temporal behaviour of
selected fibers under geometrically stable vs. vari-
able conditions. The high dynamic range of the
detector would allow to measure small differences
between different zones (modal effects), and to de-
termine with high precision the contribution of low
surface brightness regions at large output angles
(faint wings of the far field pattern), which are
difficult to measure with simple video systems.
The far-field light distribution at the fiber out-
put is known to exhibit, in general, a modal struc-
ture, and to suffer from Focal Ratio Degradation
(FRD), i.e. the enlargement of the output light
cone angle with respect to the input beam. Ex-
ceeding the focal ratio of the spectrograph col-
limator is equivalent to light loss and, possibly,
increased stray light. Therefore, the FRD behav-
ior of optical fibers is an important design issue
for fiber-coupled spectrographs. FRD of a vari-
ety of fibers has been studied e.g. by (Avila 1988),
(Craig, Hailey & Brodie 1988), (Ramsey 1988),
(Clayton 1989), (Carrasco & Parry 1994), (Avila
1998). As a consequence of the results reported in
these studies, the PMAS design was chosen (a) to
operate with a collimator focal ratio of f/3 (the
canonical value for FRD-optimized fiber spectro-
graphs), (b) to avoid a bench-mounted spectro-
graph which would have required long fibers for
any cassegrain-mounted IFU, and (c) to employ
a type of optical fiber with already demonstrated
useful performance.
Because of the problem of background sub-
traction, the presence of FRD and its variabil-
ity over time has rendered fiber-coupled spectro-
graphs sometimes less suitable for faint object
spectroscopy than conventional slit spectrographs,
although suitable methods for calibration are ca-
pable of improving the situation (Gilmore & Wyse
1992). We suspected that temporal variation of
the fiber output far-field light distribution is effect-
ing response calibrations in two ways: throughput
variation as the result of different FRD-induced
vignetting over time, and a variable point-spread
function as the result of redistribution of light
within the spectrograph entrance pupil due to
modal effects. For IFUs, such variations must be
expected to be independent from fiber to fiber,
thus introducing calibration errors similar to a lim-
ited CCD flatfield accuracy. In practice, quantita-
tive end-to-end measurements of such effects are
difficult to perform. It was considered to be rea-
sonable, however, to optimize a fiber configuration
for minimal FRD and minimal modal redistribu-
tion if one is interested in obtaining the highest
possible stability of the whole system.
In order to optimize the performance of the
PMAS baseline design fiber and to characterize
the instrumental effects arising from fiber prop-
erties, the present study was conducted, including
the consideration to obtain a reference for a future
upgrade with ≈50 µm fibers which are required to
accomodate a 32×32 element lens array.
2. Experimental setup
2.1. The Photometric Testbench
The Photometric Testbench (Roth 1998) of the
Potsdam Astrophysical Institute (AIP) uses sev-
eral light sources and filters to create a light bun-
dle with a known passband and central wavelength
which passes the FRD setup. For our experiments
a continuum white light source was used in com-
bination with neutral density and interference fil-
ters (central wavelength 400. . .900 nm in steps of
50 nm, 10 nm FWHM). For most of our measure-
ments a central wavelength of 550 nm was used.
Due to the fact that the testbench is operated un-
der remote control from a VME controller under
the VxWorks real-time operating system, and that
all devices like filter wheels and the CCD detector
can be accessed from the command line of a UNIX
host computer, it was possible to obtain extended
series of measurements automatically without hu-
man interaction.
2.2. The FRD setup
The optical setup which was used for FRD mea-
surements can be considered as part of the Photo-
metric Testbench and was accessible through re-
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mote control in the standard way (Fig. 1). As
can be seen in Fig. 2, a pinhole behind a frosted
glass plate is illuminated by light coming from the
testbench, whose intensity and spectral passband
is determined by a given selection of filters. The
light emerging from the 100 µm - pinhole passes
through a collimator (f = 154mm, f/1.7). The in-
put focal ratio is determined by a motorized filter
wheel with different aperture stops. These stops
are circular, producing f-ratios ranging from f/2
to f/12. In addition, a square aperture is avail-
able, simulating the square lenslet input as used
for PMAS. A second lens (f = 109mm, f/1.5) fo-
cusses the light onto the fiber, which is mounted
in a holder and can be adjusted in x, y, z, tip
and tilt. The fiber itself is mounted inside of a
standard Newport fiber chuck. For the major-
ity of measurements the fiber was immersed to
a thin glass plate using immersion gel (Cargille
type 6307), whose index of refraction n=1.459 is
very similar to quartz. The fiber output was pre-
pared in a similar fashion. The fiber was immersed
to an output glass plate and the glass in turn to
the window of the CCD dewar. While the FRD
setup itself is in principal identical to those used
by other authors (Ramsey 1988; Guerin & Felen-
bok 1988; Carrasco & Parry 1994), a major ad-
vance was achieved by using a science grade LN2-
cooled CCD camera (SITe TK1024, backside il-
luminated, UV-visual AR-coating). This camera
provides high sensitivity and, in particular, a high
dynamic range, which is important for the precise
measurement of intensities in the faint wings of
the illuminated spot at the fiber output, as well as
for the detection of modal noise features.
2.3. Measurements and data analysis
Measurement control, data acquisition, reduc-
tion and analysis is provided automatically using
the IDL 3 based code PMASFIB which was specif-
ically written for this application. After input
of a list of desired focal ratios, wavelengths and
light intensity levels the measurement cycle starts.
The UNIX-workstation communicates with the
CCD camera and the filter/aperture stop wheels
through a VME controller. Several user-defined
features may be invoked like pauses between ex-
posures (e.g. for testing the long-time stability of
3IDL by Research Systems Inc., Boulder, CO, USA
Fig. 1.— The Photometric Testbench with the
FRD setup (right) and CCD detector dewar (left).
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Fig. 2.— Scheme of the optical test setup for focal
ratio degradation measurements.
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fiber setups), different angles of incidence onto the
fiber (realized by small offsets of the aperture stop
wheel), and other expandable functions. When
the data acquisition is finished, the reduction pro-
cess starts automatically. Each exposure is back-
ground subtracted using pixels far away from the
maximum spot size as determined by the nomi-
nal fiber numerical aperture. A set of concentric
circles with increasing radii is defined around the
center of gravity. The light within these apertures
is integrated and normalized to the total amount
of light reaching the CCD. As a result, the fraction
of light falling into the aperture corresponding to
the focal ratio Nout of a virtual collimator as a
function of input focal ratio Nin is determined for
each measurement. Also wavelength, angular in-
put and other parameters of interest are recorded
for each dataset.
In what follows, the f/3 coupling efficiency ηf/3
is defined as fraction of light reaching a virtual f/3
collimator, normalized to the total amount of light
reaching the chip. For PMAS the square lenslet
input (f/3.5 along diagonal, f/5 along one side,
referred to as f/3.5 × 5 in the following) was sim-
ulated by a square aperture stop of adequate size.
3. Improved Test Procedure
After several first runs of an early version of
the setup the advantages of immersion coupling
became readily apparent. Preliminary measure-
ments of fibers with cleaved ends were performed
in unmatched and index matched versions. The
observation was a considerable increase of perfor-
mance of the matched fibers with respect to fibers
without immersion coupling (Schmoll, Popow &
Roth 1998). As an explanation, it was speculated
that surface irregularities due to the insufficient
cleaving process had been healed out and there-
fore the apparent FRD was reduced significantly.
Also it was observed that the variation from fiber
to fiber was significantly reduced. This gave rise
to investigate the behaviour on polished fibers as
they were used in the final instrument.
After these preliminary tests several measures
were undertaken to obtain a better degree of reli-
ability for the results from FRD measurements:
• A laser adjustment ensured normal on-axis
incidence of the input beam to the chuck
holder front glass plate.
• Centering of the illuminating beam on the
fiber input end face was monitored by means
of a photo diode, connected to the fiber out-
put.
• The integrity of the coupling surfaces on
both fiber ends was checked by observing one
end with a microscope while illuminating the
other end, and vice versa.
• All fibers were polished and checked for vi-
sually flawless end faces.
• A subset of fibers was measured several
times using the same procedure, in order
to verify the reliability of the process.
• Large samples of fibers were measured.
Finally, a sample of 65 fibers (Polymicro
FVP100/120/140) was measured using the im-
proved FRD setup. The f/3 frequency of coupling
efficiencies is now sharply peaked, especially when
slow input focal ratios are used (see Fig. 3). Table
1 shows the mean and median values. In order
to quantify the width of these distributions, W100
and W85 are introduced as the the widths of these
distributions, including 100 % and 85 % of all
values around the median, respectively.
To check the reliability of the measurements,
three fibers from the sample above were chosen for
ten consecutive cycles of new measurements. The
choice included one with relatively low, one with
mediocre and one with high coupling efficiency.
During the measurements some conditions were
changed (path of fibers, input and output ends,
chucks).
Table 2 shows that the results are not very dif-
ferent from the large sample statistics despite of
the higher degree of manipulation.
During the tests, it became obvious that the
fiber chucks, holding the fibers in a groove by
means of a thin metal blade, have a significant
effect on FRD.
Table 1: ηf/3 - statistics for the 65 fiber sample.
Nin MEAN ηf/3 MEDIAN ηf/3 W100 W85
% % % %
3.5 90.91 91 11 7
4 95.57 96 8 6
5 98.11 98 5 3
4
Fig. 3.— Histograms of f/3 coupling efficiencies
for input focal ratios of 3.5, 4 and 5.
Glueing the fibers into steel tubes made the re-
sults more stable, and the coupling efficiencies in-
creased again (see Fig. 4 and Table 3) 4. This
observation came as a surprise, because other au-
thors have used mechanical holders precisely in or-
der to avoid the stress normally introduced by glue
(Avila 1988). On the other hand, the effects of
stress from mechanical holders was already men-
tioned (Ramsey 1988).
4. Final results
4.1. Efficiency gain by immersion coupling
After optimizing the test setup performance, 18
of the polished fibers glued in tubes were used to
perform a final comparison between both coupling
methods. The glass plates of the chuck holders
were cleaned and the fibers attached, leaving a
tiny air gap. In this way, the glass plates simu-
lated the PMAS lens array on the input side, and
the first collimator lens at the output. The output
glass remained immersed to the dewar window to
yield equal conditions for each test. The data in
Table 4 show again a larger coupling efficiency ηf/3
when immersion coupling is applied. The coupling
efficency increases by nearly three percent, which
is not as high as the observed increase of the first
test. Our explanation was that this time the fibers
were not cleaved, but polished. Also the variation
between different fibers is smaller due to polishing,
but still decreases under immersion (Fig. 5). The
photometric result shows that the total amount
of light I increases in immersion (Fig. 6). This
was expected, because the saving of two glass-
air interfaces should reduce Fresnel losses. There-
fore, the fraction of light reaching the f/3 collima-
tor (Ifrac = ηf/3I), becomes significantly larger
and the photometric variation between fibers de-
4We applied two different types of glue, namely EPOTEK
301-2 and a very soft multi-purpose glue (UHU), which
essentially produced the same results. For long-term sta-
bility, the preferred choice is the EPOTEK 301-2.
Table 2: Statistics of 30 measurements of 3 fibers.
Nin MEAN ηf/3 MEDIAN ηf/3 W100 W85
% % % %
3.5 91.89 92 13 10
4 95.85 96 9 7
5 98.00 99 5 4
5
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Fig. 4.— Histograms of ηf/3 of 20 fibers being
glued into steel tubes. Nin = 3.5, 4, 5 and square
3.5 × 5 input.
Table 3: Statistics of 20 fibers glued into steel
tubes. W100 and W85 are the distribution widths
for 100 and 85 percent of the sample.
Nin MEAN ηf/3 MEDIAN ηf/3 W100 W85
% % % %
3.5 94.00 94 9 9
4 97.95 98 4 4
5 98.95 99 3 1
3.5×5 98.30 98 3 3
creases. The light output over all fibers was fairly
equal, except for fiber # 28 whose defects were not
compensated by the immersion method. For the
PMAS configuration (Nin = 3.5×5, Nout = 3) the
predicted gain of light is 22 ± 4 %.
4.2. Influence of surface defects
The observed fact that surface perturbations
were healed out under immersion raised the ques-
tion about the required final fiber surface quality.
To obtain an answer to this question, several fibers
were polished to different states. For the polishing
process a manual polishing tool was used on abra-
sive paper with different grain sizes. Grain sizes of
63, 9, 1 and 0.3 micrometers were employed. As
seen in Fig. 7, 8 and 9, the effect of coarse pol-
ishing is quite obvious down to 1 µm grain size.
The statistics for 1 µm - polished fibers (Table 5)
shows, albeit the poor statistics of only five fibers,
no difference with respect to normal fibers which
had been polished down to 0.3 µm. All these mea-
surements were performed at a wavelength of 550
nm. The overall result is that high quality pol-
ishing is still necessary when using index matched
fibers.
4.3. Influence of misalignment
The input of light into fibers is critical, consid-
ering the mechanical tolerances of fiber position-
ing. The consequences of misalignment were in-
vestigated using an immersed fiber. The effects of
defocus, translation perpendicular to the optical
axis and angular misalignment have been studied.
4.3.1. Defocus
Defocus is introduced in an immersion coupled
system when the sandwich of lenslet array, sub-
strate and immersion medium layer does not ex-
actly end at the true focal plane where the fibers
are attached. Oversizing the fiber helps against
Table 4: ηf/3, total flux I as registered on CCD,
and fraction of flux falling into f/3 cone Ifrac as a
function of coupling method (air vs. immersion)
Method ηf/3 (W100;W85) I Ifrac
% 108 ADU 108 ADU
AIR 95.6 (9;6) 3.36 ± 0.09 3.21 ± 0.10
OIL 98.5 (3;2) 3.98 ± 0.02 3.92 ± 0.03
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Fig. 5.— Histograms of ηf/3 for Nin = 3.5, 4,
5 and 3.5 × 5. Four panels on top: air coupled,
bottom: immersed.
Table 5: Dependence of ηf/3 from residual surface
roughness
Grain Nin MEAN ηf/3 MEDIAN ηf/3 W100
µm % %
63 3.5 92.40 93 20
4 96.40 98 13
5 98.10 98 4
3.5×5 96.90 98 9
9 3.5 94.4 95 11
4 97.8 98 5
5 99.00 99 1
3.5×5 98.20 98 3
1 3.5 95.40 96 4
4 98.40 99 3
5 99.20 99 2
3.5×5 98.80 99 2
Fig. 6.— Total throughput for air-coupled fibers
(top panel) and immersed fibers (bottom).
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Fig. 7.— ηf/3 of fibers polished down to 63 µm
grain size for different input focal ratios Nin.
Fig. 8.— The same as Fig. 7 after polishing the
fibers down to 9 µm grain size.
Fig. 9.— The same as Fig. 7 and 8, but after
polishing the fibers down to 1 µm.
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Fig. 10.— Measured fiber output flux into f/3 as
a function of defocus using square f/3.5×5 input.
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errors, as seen in Fig. 10. In our example, the ge-
ometrical pupil size at the fiber input is about 71
µm. Some tolerance is allowed for the focal po-
sition before light is lost at the limb of the 100
µm fiber core. While in principle FRD should not
change since the angle of incidence remains the
same, light loss sets in as soon as the tolerance
of about ± 100 µm is exceeded. A simulation of
geometric vignetting predicts fairly well the result-
ing light losses (Fig. 11) when compared with the
observed behaviour. Since diffraction and optical
aberrations were not taken into account, some de-
tails are notably different at small displacements,
but the overall picture is correct. At a defocus of
500µm, about 50% of the light is lost without any
FRD changes.
4.3.2. Lateral translation
Lateral misalignment is caused by pitch vari-
ations of the lenslet array and inaccurate fiber
positioning. For most modern monolithic arrays,
the former source of error is negligible, while the
latter remains a challenge. Errors are introduced
by the mask which holds the fibers, the way the
fibers are mounted in the mask and the degree to
which the fibers are mounted concentric to their
ferrules. Our measurement (Fig.12) is consistent
with the allowable tolerance of ± 10 µm, which is
obtained when a round 80 µm spot is moved in-
side a 100 µm circle as simulated in Fig. 13. Note
a slight misalignment of the zero point which was
due to the limited accuracy of the adjustment with
a photo diode. The shape of the light loss be-
haviour is consistent with the theoretical predic-
tion and very steep. Even small lateral misalign-
ments have strong effects on the overall efficiency.
In this example, more than 50% of the light are
lost as soon as the lateral misalignment is exceed-
ing 45µm. Due to the fact that the fiber surface is
not much larger than the image projected on, no
FRD changes are observed.
4.3.3. Angular misalignment
An angular misalignment occurs when the
fibers are tilted slightly in their mask or when
the whole lenslet array is tilted during the align-
ment to the fore-optics. In our setup we simu-
lated angular misalignment by turning the aper-
ture stop wheel in small increments. Fig. 14 shows
that FRD losses become significant for deviations
Defocus [microns]
F
lu
x
 f
r
a
c
ti
o
n
 i
n
 a
p
e
r
tu
r
e
Fig. 11.— Simulated flux into f/3 as a function of
defocus, treated as pure geometrical obscuration.
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Fig. 12.— Outgoing flux into f/3 depending on
lateral shift of the input beam, Nin = 3.5× 5.
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Fig. 13.— Simulation of the situation in Fig. 12
using geometrical obscuration.
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larger than two degrees, which is consistent with
other measurements (Taylor & Gray 1993). As
expected, faster input focal ratios are more sensi-
tive to angular misalignments. In our example, a
fraction of more than 30% of the light is lost when
the angular misalignment exceeds 7 degrees. This
loss is not geometric but a pure FRD loss, as the
change of ηf/3 in fig. 14 indicates.
4.4. Wavelength dependence
The measurements from above were performed
at a wavelength of 550 nm with a bandpass of
10 nm FWHM. A possible dependence of FRD
with wavelength was investigated. Theoretically,
no wavelength dependence is to be expected (Lund
& Enard 1984). Chromatic aberrations of the ob-
jective lenses resulting in focus changes with wave-
length were measured and compensated as far as
possible during the measurements. The results of
two fibers measured (Fig. 15) show that the the-
oretical expectation is fulfilled in a range between
400 and 700 nm. For wavelengths larger then 700
nm the coupling efficiency is totally dominated by
the lens aberrations of the test setup and the re-
sults are no longer meaningful.
4.5. Modal Noise Tests
In the picture of waves propagating through an
optical fiber, FRD is the change of modal distri-
bution from lower to higher and to lossy modes.
In bench-mounted spectrographs, connected to the
telescope focal plane with a long fiber cable, the
motion of this cable during tracking may give rise
to a change of this modal distribution, caused
by variable mechanical stress. Baudrand&Walker
(2001) have measured the effect and attributed
the observed S/N limit for high resolution spec-
troscopy (“modal noise”) to the occurance of this
phenomenon. The same effect had been observed
to set in with FOCES (Calar Alto 2.2m Tele-
scope) when the telescope was tracking, but to
vanish when the telescope stopped (M. Pfeiffer,
priv. communication).
We have investigated whether modal redistribu-
tion of light in the output of a fiber is capable of
producing measurable variations of the final spec-
tra, e.g. comparable to the typical inaccuracy of
sky-subtracted deep spectra at the wavelength of
bright night sky emission lines. We performed a
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Fig. 14.— ηf/3 - variation due to angular input
for different Nin.
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Fig. 15.— Color dependence of ηf/3 for two dif-
ferent fibers of the same type (Polymicro FVP
100/120/140).
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Fig. 16.— Simulation of spectrograph PSF and
the effect of modal redistribution on the shape of
spectral line profiles. For explanation, see text.
simulation, using the optical design data for the
PMAS fiber spectrograph (Roth et al. 2002). An
example is shown in Fig. 16 for a fiber located
at a collimator field angle of 4.1 degrees, corre-
sponding to a position of 82% of the half length of
the pseudo-slit, counted from the center. The ray-
tracing was performed for a wavelength of 852nm
in the red part of the spectrum, where the night
sky emission lines are known to present problems
for accurate sky subtraction. Fig. 16a presents
the orthogonal distribution of rays in the spectro-
graph pupil plane, excluding those rays outside of
the circular pupil (dots). The rays which are en-
tering the spectrograph focal plane (Fig. 16b) are
plotted as crosses and asterisks, the latter sym-
bolizing all rays originating from a pupil annu-
lus whose intensity is modulated with a constant
weight of (1±X%) as an approximation to the ob-
served redistribution of light in the output cone
of a fiber. Not surprizingly, the spot diagram
(Fig. 16b) reveals that the annulus rays, i.e. non-
paraxial rays, are predominantly contributing to
the wings of the spot, whose image (point-spread-
function, PSF) is shown in Fig. 16c. For compar-
ison, a 15µm CCD pixel is outlined as a square
in the lower left corner or the image. The PSF
shows the onset of astigmatism and coma near
the edge of the field. The present configuration of
PMAS employs 100µm diameter fibers, which are
projected onto a demagnified diameter of 60µm (4
pixels) on the CCD. The fiber image, represented
by a circular disk of the projected fiber diameter,
was convolved with the PSF, yielding the picture
shown in Fig. 16d (modulation 0%). This image
was taken as a model for an unresolved night sky
emission line, which was extracted from the sim-
ulated CCD image by coadding pixels along the
columns. The resulting spectrum, normalized to
1, is plotted in Fig. 16e. Repeating the simulation
with a pupil annulus modulation of 10%, and sub-
tracting the spectrum from the unperturbed spec-
trum produced the residual of Fig. 16f, having an
amplitude of 0.5% with respect to the normalized
emission line. The shape and order of magnitude
resembles closely the typical appearance of a less
than perfectly subtracted night sky emission line
in deep spectra of faint objects.
For simplicity, the simulation was performed
along the direction of dispersion. We have not
further investigated the effects perpendicular to
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the direction of dispersion, depending largely on
details like the width and spacing of spectra, and
the method of extraction. We note qualitatively,
however, that the expected cross-talk variance due
to 10% modal redistribution is potentially capable
of contributing a small error of order of ≈1%.
We note also that the preponderance of non-
paraxial contributions to the wings of the PSF
favours (a) refractive fiber spectrographs over op-
tical designs with central obstruction, and (b) a
high degree of scrambling of the telescope beam by
means of a fiber, since any increased ring pattern
of illumination in the pupil plane would magnify
the effect.
Our fiber testbench experiments included a sta-
bility test to verify the presence and order of mag-
nitude of modal redistribution under controlled
conditions. A series of CCD images of the fiber
far field output pattern was obtained and the fiber
manipulated in different ways. The test was per-
formed under illumination with a 550nm central
wavelength, 10nm bandwidth filter. Since the ex-
pected modulation must be observed over a large
range of intensities and is expected to be small, we
chose a differential approach, comparing our test
images with a reference frame of an undisturbed
fiber. A low-noise, cryogenic 16-bit CCD camera
is an ideal tool for the required accuracy of about
0.1%. Fig. 17 shows results from a first qualita-
tive test, comparing an undisturbed fiber with two
cases of strong and weak perturbation (left, mid-
dle, right frame). Strong perturbation was im-
posed by pressing the fiber gently between two
fingers, while weak perturbation was the similar
with less pressure, but shaking the fiber rapidly.
The static, strong stress situation caused a modal
distribution in favor of some distinct, strongly am-
plified modes which created an annulus.
We also simulated the modal noise situation de-
scribed by Baudrand&Walker (2001) with a 20m
long Polymicro FHP 100/120/140 fiber and a me-
chanical telescope tracking simulator, consisting in
a clock driven portable amateur telescope mount.
Over a period of 6 hours, the simulator was track-
ing with the fiber, and a CCD exposure was taken
every 15 minutes. Again, the series of CCD
frames was analyzed differentially against a ref-
erence frame to observe deviations from this ref-
erence. The most striking example is shown in
Fig. 18, revealing a drop in flux of 1.4% near the
Fig. 17.— Far field output pattern for manipu-
lated fiber, plotted differentially to enhance con-
trast. Left: undisturbed reference, center: strong
perturbation, right: weak perturbation (Schmoll,
Popow & Roth 1998)
12
Fig. 18.— Radial profile variations when fiber is
manipulated (solid line), dashed line reference pro-
file. Losses are observed at the profile center and
outward wing.
core, and of 2.9% in the wings, i.e. a total loss of
flux of 4.3%. Neglecting the variation in intensity,
the modal redistribution is seen as a relative en-
hancement within a zone similar to the annulus of
our simulation from above.
5. Summary and Conclusions
We have designed and built a laboratory test-
bench for optical fibers, featuring a light source,
filter wheels, a fiber illumination and adjustment
device, and a cryogenic, low-noise 16-bit CCD
camera system. Fiber measurements at different
wavelengths and with different input focal ratios
are performed automatically under remote control
from a workstation which is also used for data re-
duction and analysis.
A sample of Polymicro FVP100/120/140 fibers
was tested in this setup for use in the PMAS in-
strument. The far field of the fiber output was
recorded with the CCD and the light collection
efficiency ηf/3 within the projected nominal f/3
focal ratio of the collimator derived as a figure
of merit for fiber FRD properties. The viability
of this approach was verified with a repeatibility
test.
As a practical result, it was found that immer-
sion coupling, glueing fibers into ferrules, and pol-
ishing the fiber end faces improved on average the
f/3 light collecting efficiency, and reduced the scat-
ter among the samples under study.
Defocus at the fiber input was found to cause
a slow decrease of ηf/3 beyond ± 100µm. Decen-
tering is very sensitively producing a rapid loss of
efficiency beyond a tolerance of 15µm. Deviation
of the input beam from normal incidence, depend-
ing on input focal ratio, caused the onset of losses
at angles of ±3◦ and ±1◦ for focal ratios of F/5
and f/3.5, respectively. As expected, there was no
wavelength dependence found for FRD between
400nm and 700nm.
A qualitative test of fiber behaviour under
stress showed that modal redistribution of light
within different zones of the fiber output pattern
occured at a level of typically 1% peak intensity for
illumination at 550nm with a bandwidth of 10nm.
Tracking a fiber with the telescope was simulated
over a period of 6 hours, reproducing the effect of
“modal noise”, which has been discussed in the
literature as the reason for a limiting S/N for high
resolution spectroscopy below the expected value
due to photon shot noise. The net effect in our
test was a maximal loss of intensity of 4%, and a
redistribution of light in the output beam pattern
of order several percent. On the basis of a ray
tracing model, we demonstrate that modal redis-
tribution is noticeable effecting the shape of the
PMAS fiber spectrograph PSF when aberrations
are present. The model is capable of reproducing
typical night sky emission line residuals.
The results of this study have entered into the
design and construction of the PMAS fiber mod-
ule, but may prove useful also for other applica-
tions. We believe that the avoidance of modal
noise is mandatory for the development of fiber
coupled high resolution echelle spectrographs and
spectropolarimeters at 8-10m class telescopes,
which are expected to yield very high S/N ratios
up to 104, see e.g.(Strassmeier et al. 2003).
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